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Itinerant magnets generally exhibit pressure induced transitions towards non magnetic states.
Using synchrotron based X-ray diffraction and emission spectroscopy, the evolution of the lattice
and spin moment in the chiral magnet MnGe was investigated in the paramagnetic state and under
pressures up to 38GPa. The collapse of spin-moment takes place in two steps. A first-order transition
with a huge hysteresis around 7GPa transforms the system from the high-spin at ambient pressure to
a low-spin state. The coexistence of spin-states and observation of history-depending irreversibility
is explained as effect of long-range elastic strains mediated by magnetovolume coupling. Only in a
second transition, at about 23GPa, the spin-moment collapses.
Magnetism in electronic systems is fundamentally
unstable with respect to lattice compression. Spin-
state instabilities and transitions between different band-
magnetic states cause thermodynamic anomalies under
temperature or pressure changes. Probably, the best
known anomaly of this type is the invar effect, yielding a
paused thermal expansion around room-temperature in
Fe-Ni alloys and various metallic materials [1–3]. This ef-
fect is widely employed in industrial applications. Gener-
ally, it is believed that modifications in the magnetic be-
havior and magnetovolume coupling underly such anoma-
lies. An early explanation by Weiss has been based on
existence of a high spin (HS) state with large volume
and a metastable low spin (LS) state of reduced volume.
Thermal activation of the LS state counteracts the usual
expansion of the lattice with increasing temperature [4].
Band-theory calculations on Fe-based alloys and com-
pounds with invar-anomalies later supported the basic as-
sumption of a discontinuous transition and the magneto-
volume effect as source of invar anomalies [5]. Similar ef-
fects with intermediate spin-states or reduced magnetic
moments have been described in other solid-state sys-
tems, such as certain transition metal oxides [6, 7] or
molecular complexes [8, 9]. For the metallic invar-like
systems, a coherent physical picture of such magneto-
volume effects and the fundamental mechanisms could
not be achieved. Especially the existence of intermediate
spin-states and discontinuous transitions between mag-
netic states is debated [10–12], while being suggested by
several experiments [13–18].
MnGe belongs to the family of cubic chiral helimag-
nets, where the dominant ferromagnetism competes with
spin-orbit coupling resulting in long wavelength helical
spin-structures. Among these compounds, MnGe stands
out. Its B20-structure (space group P213) is metastable
at room temperature and powder samples are obtained
by high temperature (800-2200K) and high pressure (2-8
GPa) quench during the synthesis. Interestingly, MnGe
displays the shortest helical pitch (∼ 30 A˚) of the B20
family [19–22], resulting in a giant topological Hall effect.
To explain it, a complex skyrmion lattice was postulated,
but its existence down to T and H ≃ 0 is debated [23–25].
On the other hand, an inhomogeneous fluctuating chiral
phase was observed over a very large temperature range
[24].
Following a theoretical prediction [26], pressure-
induced collapse of magnetism in MnGe should take place
in two steps between the equilibrium HS-state towards
the zero-spin (ZS) state through an intermediate LS-
state. Evidence for a HS to LS transition in MnGe was
indeed found by high pressure neutron diffraction [27]. At
low temperature, the ordered Mn moment decreases with
increasing pressure in the HS state up to a critical pres-
sure PC1 ≃ 6 GPa, then remains constant, in excellent
agreement with calculations on the transition between
HS and LS spin-state. The Ne´el temperature TN was
seen to reduce at a rate of −14 K ·GPa−1. At an extrap-
olated pressure P0 ≃ 13 GPa the magnetic long-range
order should vanish, but the pressure-collapse between
the LS and ZS-state was not observed, yet.
In this work, we report the observation of a clear first-
order transition around 7GPa at room-temperature, far
above the magnetic ordering-temperature TN ≃ 170K in
MnGe, and the spin-collapse in the paramagnetic state
2is found at about 23 GPa. The results demonstrate a
discontinuous evolution and a co-existence of two mi-
croscopic spin-states in an ordered metallic compound.
This remarkable invar-like effect highlights the impor-
tance of long-range lattice strains in the spin-transition
taking place in a chemically clean system. Such elastic
strains mediated by magnetovolumic effect are crucial to
explain the anomalous properties of MnGe.
In order to understand the spin-state-transitions in
MnGe, we performed experiments to detect the collapse
of the local Mn moment, and not only the ordered one.
Moreover, by monitoring the evolution of the lattice pa-
rameter under pressure, we could detect magnetovolume
effects induced by the different volumes and compressibil-
ities of the HS and LS-state. Synchrotron-based X-ray
techniques are ideally suited for these two tasks. Pres-
sures well above PC,2 can be reached by using membrane-
type diamond anvil cells (DAC) with very small sample
volumes. Fig. 1 is the (P, T )-phase diagram combining
the earlier data with results presented in this letter.
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FIG. 1: (P,T)-phase diagram of MnGe inferred from neutron
diffraction [27] and synchrotron-based x-ray techniques (this
letter). Two well-separated regions with high (0.7 ≤ m ≤
1.8 µB , in red) and low (m ∼ 0.7 µB , in blue) ordered mo-
ment are clearly separated below the TN(P) (green solid) line.
The value of the experimentally determined ordered moment
(black squares) along with the DFT rescaled results for the
HS (red circles) and LS (blue circles) are also added.
X-ray powder diffraction (XRD) discriminates differ-
ent spin states by measuring high-resolution (P, V ) equa-
tions of state (EoS). XRD was performed at room tem-
perature on the PSICHE´ beamline of the synchrotron
SOLEIL. No indication of a structural phase transition
was found up to the highest pressure of 30 GPa, implying
the absence of symmetry change or atomic displacements
within the unit-cell ([28]). We therefore focus on the unit
cell volume V = a3 where a is the cubic lattice constant
deduced from Rietveld refinements. In order to describe
its pressure-dependence, we use the so-called Murnaghan
equation of state [29], V (P )/V0 = [1 + P B
′
0/B0]
−1/B′0
where B0 is the isothermal bulk modulus, B
′
0 its first
pressure derivative and V0 = V (P→ 0).
In a first run, the applied pressure was increased up
to ∼ 17 GPa - that is deeply inside the LS state - and
then progressively released. The compression curve does
not display drastic change of behavior (see Fig. 2a). We
attribute the EoS corresponding to this process to the
initial HS-state which progressively transforms into the
LS-state. Parameters from Murnaghan EoS fit to the
data are gathered in Tab. I. However, upon decompres-
sion, a remarkable structural hysteresis occurs, signaling
the occurrence of a phase transition, across which a siz-
able LS proportion remains stabilized until pressure is
fully released.
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FIG. 2: Experimental (P, V ) EoS of MnGe deduced from our
high pressure diffraction experiment. Results from the first
a) and second b) run are overlayed in c). Solid lines are Mur-
naghan EoS fits to the data. d) Volume dependence of the
energy for the HS+LS and LS states of MnGe calculated from
the experimental parameters of the EoS.
In order to study the metastability of the HS-LS mi-
crostructure, also observed in invar alloys [30], we have
prepared a second sample that was loaded in a DAC at
an initial pressure of ≃ 7 GPa, maintained for about a
week prior to the measurement. We have then quickly re-
leased the applied pressure and determined the EoS upon
compression in the 0-30 GPa range. As seen on Fig. 2b,
3a clear change in the EoS slope now occurs at ca. 7 GPa.
A Murnaghan fit to the whole dataset gives unphysical
values, B0 = 90(5) GPa and a very large B
′
0 = 13.5(6)
We conclude that the low pressure range concerns a HS-
LS composition that depends on the thermal and pres-
sure prehistory. Considering the pressure range above 7
GPa, we obtain the parameters for the EoS that can be
attributed to the LS-state (Tab. I).
Our results show that a first-order transition takes
place where specific volume and compressibility are dis-
continuously changed. A maximal pressure of 7.2(5) GPa
is estimated where the two states can coexist. Following
the observation on the evolution of the magnetic mo-
ments around the same pressure in the earlier magnetic
neutron diffraction [27], we identify the coexisting two
states as HS and LS spin-states and the estimated max-
imum pressure compares rather well with the previous
determination of PC1.
TABLE I: Comparison of Murnaghan EoS parameters derived
from DFT and determined experimentally.
B0 (GPa) B
′
0 V0 (A˚
3)
HS+LS (run 1, Fig. 2a) 154(3) 2.6(4) 110.26(4)
HS+LS (run 2, Fig. 2b) 119(7) 3.4(9) 109.48(8)
LS (run 2, Fig. 2b) 237(3) 4.3(2) 106.6(4)
HS (DFT) 148 2.5 107.9
LS (DFT) 165 3.7 103.2
ZS (DFT) 177 4.7 102.4
In Tab. I, density functional theory (DFT) results on
the (P, V ) equation of state (EoS) demonstrate the ex-
pected magnetovolume effects in the three different spin-
states. This determination of the EoS calculation uses
the full potential local orbital approach [31], and has
an improved accuracy by using an extended set of basis
states corresponding to the state-of-the-art [32]. These
calculations yield qualitatively similar changes for the
EoS between HS and LS state (see Tab. I). The lower
equilibrium volumes V0 can be explained by the fact that
the DFT-results can reproduce only the homogeneous
T = 0 ground-state (namely, they do not include ther-
mal lattice expansion and also neglect certain effects of
magnetic fluctuations). There are notable differences for
the bulk moduli B0, but both findings agree in that the
LS state possesses a smaller V0 than the HS state, while
being much less compressible.
There is a remarkable history dependence of the effec-
tive EoS and hence the spin state composition in MnGe.
The results of lattice parameter vs pressure from both
experiments runs are overlayed in Fig. 2c. The differ-
ence between the compression in the first and second run
proves that the internal mixed state, starting at ambi-
ent pressure, must have been different. The two cycles
probed here, by the mixed nature of initial states, clearly
follow minor hysteresis loops.
In order to address the magnetic collapse in MnGe on
a local scale, we performed hard X-ray emission spec-
troscopy (XES) measurements under pressure at 300 K.
Hard X-ray emission spectroscopy (XES) is sensitive to
the local moment and earlier detected the pressure in-
duced collapse of magnetism in invar alloys [33].The emis-
sion spectra were recorded up to 38 GPa on the GALAX-
IES beam line of the synchrotron SOLEIL (see [34]). The
element-specific photon emission at the Kβ line of Mn is
bound to spin-sensitive selection rules. While the sys-
tem is excited by the incoming photons, the final state is
characterized by a core hole (3p) that interacts with the
3dn electrons via intra-atomic exchange. This results in
the energy splitting of the emission line, yielding a main
peak Kβ1,3 at a photon energy of 6485 eV paired with
a low-energy shoulder Kβ′ located around 6475 eV (see
Fig. 3a). A decrease in the local Mn moment should yield
a decrease in the intensity of the Kβ′ line relative to the
main peak. In an itinerant magnet such as MnGe, the
variation of the XES signal is however much smaller than
in oxydes [35]. Phenomenologically, a way to monitor the
evolution of the local moment is to consider the integral
of the difference between a spectrum measured at a cer-
tain applied pressure P with reference spectrum (in our
case measured at P = 38 GPa), both being normalized
to unity after appropriate background subtraction ([28]).
The integral is solely performed around the satellite fea-
ture in order to get rid of pressure-dependent broadening
of the main peak ([36]).
The result is displayed in Fig. 3. The differential in-
tensity δ decreases as pressure increases, up to about
≃ 25 GPa where it saturates to 0 within error bars. This
is indicative of another spin transition towards a state
with a moment value that is lower than that of the LS
state. Based on the good correspondence with DFT re-
sults [27], we identify this transition as the local LS-ZS
transition expected in this pressure range as a complete
collapse of spin-polarization. To estimate the associated
critical pressure, we have fitted the data by the power
law, δ(P ) = δ0 · (1− P/PC2)
β
for P ≤ PC2 and 0 oth-
erwise, yielding a critical pressure PC2 = 22.7(1.8) GPa
with δ0 = 1.1(1) · 10
−3 and β = 0.38(15). Such a scal-
ing is expected if there is a fluctuation-dominated transi-
tion from paramagnetic to non-magnetic state and should
obey 3D-Ising criticality, but with pressure as control pa-
rameter that drives the transition because of the differ-
ent volumes of the LS and ZS-state. On the other hand,
the HS-LS transition is hardly observable using the XES
technique in this metallic compound, as the fine multiplet
structure is not well established in comparison to the lo-
calized spin-states of an insulator and may be influenced
by temperature.
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FIG. 3: a) Typical response measured at room temperature
at 5.2 GPa (HS) and 38 GPa (ZS), illustrating the weak inten-
sity decrease at the low energy satellite. Grayed zone denotes
the energy range used for the integration. b) Pressure evo-
lution of the integrated difference between spectra measured
at each applied pressure value and the highest pressure spec-
trum. Solid line is a power-law fit (see text).
We also measured the evolution of the XES signal ver-
sus temperature in the range 5 ≤ T ≤ 300 K at ambient
pressure ([28]). Essentially, the data are not indicative
of a thermally driven HS-LS transition. Rather, a slight
increase with temperature is seen that may be associated
with a thermal re-population in the multiplet structure.
At ambient pressure the Mn local moment at 300K is
essentially in the same HS state as at low temperature in
the ordered phase. This justifies a posteriori the X-ray
experiments done at room-temperature and the compari-
son with DFT data at 0K, but it raises the question why
the HS-LS transition does not occur with temperature as
in other spin crossover compounds.
In order to answer this question, we have calculated
the energy curves of the LS and ambient pressure HS
state from the relation P = −∂E/∂V by using the Mur-
naghan EoS (see Fig. 2d) with the XRD results from run
1 for the HS-LS initial mixture and run 2 for the LS state
(Tab. I). One gets an energy gap ∆E ≃ 125 meV/f.u. ≃
1450 K/f.u. between the two states at ambient pressure.
This energy gap is larger than the temperatures where all
reported magnetic measurements were performed (up to
300K typically). It explains why no HS-LS transition oc-
curs versus temperature. At the same time, one can also
speculate that the synthesis conditions (up to 2200K and
8 GPa) followed by a thermal quench could yield the nu-
cleation of metastable LS spin states in the dominant HS
state. Such scenario would explain the large variability
of magnetic properties reported in literature depending
on the synthesis conditions of MnGe, which is not linked
with impurities, off-stoechiometry or random disorder.
On the other hand, the suppression of LS-states in the
ambient pressure HS-matrix, and their metastable co-
existence implied by the pressure-hysteresis requires a
coupling that prevents a simple pressure-driven transi-
tion in a jump-like process. In the paramagnetic state,
where long-range magnetic order is absent, the elasticity
of the lattice remains the sole explanation for the real-
ization of two energetically different spin-states in an ex-
tended pressure range. A sizeable magnetovolume effect
implies that the lattice is strained when locally a spin-
state transition takes place. These strains effectively me-
diate long-range couplings between the sites that slowly
decay with distance as r−3, acting as an energetic barrier
against a sizable nucleation of LS-states [37–40]. Namely
the local strains prevent the sites from permanently oc-
cupying the minority spin state. The spin state could
be changed between HS and LS through thermal fluctua-
tions, realizing the conditions of an ”open” system. The
elastic energy does not depend on the spatial arrange-
ment of the LS-sites (a fact known as Crum-Bitter the-
orem for isotropic elastic two-phase bodies [37]). In the
ideal case of a homogeneous system, this barrier prevents
the transformation until the stability limit of the matrix
phase is reached. In the real case, the coexistence of
the two spin states, considered as thermodynamic phases,
occurs at a microscopic level, yielding hysteresis in the
physical observables. This ‘thermodynamics of an open
two-phase system’ in a coherent elastic solids has been
analyzed in another context by Schwarz and Khachatu-
ryan [39, 40], but it exactly applies to the case of spin-
state transitions because spin-states can be changed by
spin-lattice relaxation ([28]). Improvements to this sim-
ple thermodynamic picture may introduce certain corre-
lations between sites of the nucleating phase, e.g. by the
elastic anisotropy of the cubic lattice, but cannot funda-
mentally change this physical picture.
In conclusion, the magnetic collapse in MnGe occurs
in two-steps, in the paramagnetic regime as well as in the
magnetically ordered state. The direct observation of the
ultimate collapse ascertains the nature of the intermedi-
ate phase, which at low temperatures is a weak itiner-
ant band ferromagnetic state. This somewhat contrasts
with high pressure studies in other B20-helimagnets like
MnSi and FeGe, where quantum phase transitions to-
wards a non magnetic state have been found with in-
termediate regimes characterized by non Fermi liquid
character and/or partial magnetic order [41, 42]. The
huge pressure-hysteresis at the transition between the
ambient paramagnetic and the pressure-induced inter-
mediate phase proves the co-existence of different spin-
states. The thermodynamic anomalies, in particular the
5strong irreversibility marking the pressure-induced trans-
formation in MnGe, can be explained by the long-range
strains through the magnetovolume effect. Anomalous
non-equilibrium and transport behavior are also neces-
sarily associated to the magnetovolume effects, as ob-
served in classical invar alloys. Hence, the coexistence
of spin-states, extending down to ambient pressure at
room temperature in MnGe, should influence the anoma-
lous helimagnetic fluctuations and transport properties of
MnGe.
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SUPPLEMENTARY MATERIAL
SAMPLES
Polycrystalline MnGe was synthesized at 8 GPa in
a toroidal high-pressure apparatus by melting reaction
with Mn and Ge. The purity of the constituents was
99.9% and 99.999% for Mn and Ge respectively. The
pellets of well-mixed powdered constituents were placed
in rock-salt pipe ampoules and then directly electrically
heated to T ≃ 1600◦C. The samples were subsequently
quenched to room temperature before releasing the ap-
plied pressure as described by Tsvyashchenko[43]. The
sample quality was checked by X-ray and neutron diffrac-
tion, yielding an amount of impurity less than 2%. The
samples used in the experiments described in this letter
were withdrawn from the very same synthesis that was
used in previous studies[20, 24, 27].
X-RAY POWDER DIFFRACTION
High resolution x-ray powder diffraction (XRD) exper-
iment was performed at the wiggler beamline PSICHE´
(Synchrotron SOLEIL). The incident X-ray wavelength
was 0.3738 A˚. Pressure was applied on the sample with
the help of a diamond anvil cell (DAC). Ne was used as
pressure transmitter as it offers excellent homogeneity.
The X-ray patterns were averaged over Debye-Sherrer
cones, after supressing few non isotropic contributions
from the pressure cell (e.g. Bragg spots from the di-
amond anvils). The X-ray patterns were refined using
the Fullprof routine [44]. The RF values situate between
1.3 and 3.0 %. The very good refinements confirm that
the sample remains in the B20 structure with negligible
texture effect up to the highest pressure. Examples of
refined diffractograms taken at low and high pressures
are displayed in Fig. 4. Besides the change in the lattice
constant, the main effect of pressure is a Lorentzian peak
broadening by a factor <∼ 2, as seen in Fig. 4.
As explained in the main text, no trace of a structural
transition could be found throughout the data analysis.
The positional x parameters for Mn and Ge stay fairly
constant and vary by less than 1 % within the pressure
range we explored (see Fig. 5). Such a variation most
is most likely a bias of the refinement procedure, linked
with anisotropic peak broadening occurring due to the
geometry of the pressure cell.
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FIG. 4: Examples of measured diffractograms at a) 0 and b)
30 GPa, showing the high data quality. Red line is the result
of a Rietveld refinement of the measured data.
X-RAY EMISSION SPECTROSCOPY AT THE
Kβ-LINE OF MN
Our x-ray emission spectroscopy (XES) measurements
have been performed in a backscattering geometry (2θ =
135◦) at the RIXS spectrometer of the undulator beam-
line GALAXIES[34] (Synchrotron SOLEIL). Emitted
photon energies were determined by reflection on a
Si(440) analyzer at 84◦ Bragg angle. Detection was en-
sured by an avalanche photodiode. We have used a DAC
and a 4:1 methanol/ethanol mixture as pressure trans-
mitter. The incoming photon energy was selected to be
7 keV, as a trade off between transmission through the
pressure cell’s diamond and emitted photon flux, while
maximizing the signal-to-background ratio. An example
of a full spectrum is displayed in Fig. 6.
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FIG. 5: Pressure dependence of the positional parameters of
Mn and Ge atoms -xMn and xGe respectively - as a function
of the applied pressure for the first (a) and second (b) run
(see main text).
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FIG. 6: Example of XES spectra measured at room temper-
ature for P = 5 and 38 GPa. The vertical bars delimitate the
integration boundaries.
As explained in the main text, we have evaluated the
evolution of the local Mn moment value as a function of
pressure by means of a qualitative analysis. The latter
is based on the comparison of the integral intensity of
the Kβ′-low energy shoulder measured at a certain ap-
plied pressure P with that of a reference. In our case, we
assume the spectrum taken at Pref = 38 GPa to be repre-
sentative of the non-magnetic state of MnGe. Thus, the
integral difference that is linked with the local moment
value [33, 45] is calculated as follows:
δ(P ) =
∑ωmax
ωmin
(σ(ω, P )− σ(ω, Pref))
σ(ω, P ) =
I(ω,P )−Ibg(ω)∑
(I(ω,P )−Ibg(ω))
(1)
where ω is the emitted photon energy, ωmin = 6467 eV,
ωmax = 6480 eV and the subscript bg refers to the lin-
early ω-dependent background mainly originating from
the high energy tail of the Kα emission line. We have
checked that changing the reference spectrum simply
shifts the values of δ by a constant offset without alter-
ing its relative evolution. Moreover, extending the energy
boundary to the whole measured range, we verify -as it
must- that the δ turns out to be 0 at all pressures. This
validates the background subtraction and normalization
procedure.
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FIG. 7: Typical response measured at ambient pressure at 5
and 300 K, showing a small increase in the emitted intensity
at the Kβ′ satellite position. One can note that the statistics
is greatly improved compared to the high pressure study, as
in the latter case the incoming and emitted photon flux was
drastically reduced by the diamond anvils.
As mentioned in the main text, we have recorded some
ambient pressure spectra between 5 and 300 K (see Fig.
7). The spectral difference is ca. 5 times weaker between
base and room temperature as compared with the value
obtained under pressure between 0 and 38 GPa. Thus,
this weak spectral change at the Kβ′ position doesn’t
support a HS-LS transition triggered by heating. Rather,
it suggests a thermal population of the multiplet struc-
ture.
HIGH-PRESSURE GAUGE
In both the XRD and XES experiments, pressure was
measured in situ before and after each single measure-
ment via recording laser-stimulated ruby fluorescence
lines. We have visually inspected the position of the ruby
within the cell and checked that it was centered and em-
bedded in the same medium as the sample (see Fig. 8).
8A double Lorentzian function was fitted to the obtained
two-peaks spectra (see Fig. 9). The wavelength position
λm of the main line is then inputed into the following
function
P [GPa] =
A
B
·
[(
λm[nm]
λ0
)B
− 1
]
(2)
where A = 1904 GPa, B = 7.715[][46] and λ0 =
694.36 nm, the latter being calibrated by measuring the
response of a ruby at room pressure.
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FIG. 8: Picture of the sample within the DAC taken at the
end of the XES experiment.
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FIG. 9: Example of ruby fluorescence spectrum as used for
pressure determination.
ELECTRONIC STRUCTURE CALCULATIONS
BY DENSITY-FUNCTIONAL THEORY
Theoretical calculations of the equation of state
EoS have been done within the density-functional the-
ory approach using the full-potential local-orbital ap-
proach, as implemented in the FPLO code [31]. The
generalized-gradient approximation (GGA) was used for
the exchange-correlation potential, and the lattice cell
was optimized for each calculated volume and the dif-
ferent spin-states. The values of the Murnaghan EoS in
table I of the main text have been determined from the
theoretical (total) energy curves, Etot(V ) in the range of
volumes 98 < V < 111 A˚3. For the LS-state, we apply
the GGA*X corrections with reduction factor for the XC-
potential (ξ = 0.720, as in Ref. 27) in order to consider
some of the long-range spin-fluctuations affecting the
spin-state. At equilibrium volume the net spin moment is
0.8 µB/ f.u. in this spin-state which is metastable within
this calculation. For the HS-state, the bare GGA results
are reported which correspond to an electronic state that
neglects all long-range spin-fluctuations (ξ = 1). This
ideal spin-state has a net spin-moment of 2.0 µB/ f.u.
Some quantitative deviations in the EoS and magnetic
properties between present evaluation and earlier calcu-
lations [26, 27] are explained by a refinement in the one-
electron local-orbital basis. For the present evaluation,
we have used the doubled basis set for valence band-states
that was also used in a recent determination of the EoS of
the crystalline states of the elements to be reported in the
bench-marking comparing various DFT-codes performed
and organized by LeJaeghere, Cottenier et al. [32],[? ].
Using this improved basis set of the FPLO-code yields
maximum deviations of about 1 meV / ion for the en-
ergy curves near equilibrium states compared to other
high-precision full-potential codes. In this respect, the
solution of the EoS as given by the DFT Kohn-Sham
equations are well converged.
SPIN-STATE TRANSITION IN COHERENT
ELASTIC LATTICES
In this section, we discuss in more details the elemen-
tary thermodynamic picture of the transition between
different spin-states that we have used to identify long-
range elastic stresses as the crucial factor for the large
and history-depending hysteresis in the high pressure
XRD experiment.
Schwarz and Khachaturyan disscussed the co-existence
of two solid phases α and β under hydrogen-loading
when only an external partial hydrogen pressure con-
trols the amount of interstitially disolved H-ions in the
two lattices[39, 40]. The thermodynamics of a paramag-
net with a HS to LS transition with a magnetovolume-
induced strains can be mapped onto the elementary
9model developed by them to explain the macroscopic
hysteresis in such open two-phase systems. The ele-
mentary model used by them to explain the macro-
scopic hysteresis in such open two-phase systems can be
mapped onto the case of a paramagnet with HS and LS
transition with magnetovolume-induced strains. Here,
the spin-polarization of the electronic structure can be
changed by spin-lattice relaxation, which means that the
system can change the local spin-polarization and the
associated volume strain freely. In this sense we are
discussing an open thermodynamic system where two
different phases can coexist, but the nucleation causes
long-range strains to appear in the system. For sim-
plicity only two spin-states ν = {HS,LS} are consid-
ered that can exist in a certain range of values for the
squared normalized spin-polarization given by the ratio
µν = (Mν/M
0
ν )
2 (0 < µν < 1), whereMν is the actual lo-
cal magnetization or spin-density per volume andM0ν the
full spin-polarization for the given spin-state. Identifying
the reduced µν with the H-concentrations cα and cβ, the
elementary model can be formulated by simply rewriting
the basic equations for free energy contributions of the
different phases and the elastic strain. In the following,
we reproduce the equations and basic arguments from
for such a paramagnet with magnetoelastic coupling us-
ing the notation from Ref. 39, 40 to mark the essential
equivalence of this model with the case of hydrogen load-
ing in a two-phase material.
The strain caused by the magnetovolume effects for the
nucleation of sites with different spin-state in the matrix
increases the elastic energy. The situation corresponds
to the inclusion of misfitting spheres in the holes of a
recipient elastic matrix. This energy cost reads:
Eel = N A µ¯ (1 − µ¯) with A = v0Gs
1 + σ
1− σ
ǫ20 , (3)
where N is the number of lattice sites involved in the
transformation, v0 the volume of a single site, Gs the
shear modulus, σ the Poisson ratio, ǫ0 = da/adµ¯ the
volume dependence of the average spin moment and the
average moment µ¯ is defined as:
µ¯ = ωµLS + (1− ω)µHS , (4)
where ω is the volume fraction of the LS phase. Impor-
tantly, the form of Eq. 3 is independent of the arrange-
ment of the sites with deviating spin-moment. In the
extreme case, we may even have single lattice sites un-
dergoing HS to LS transitions in a HS-matrix. Using Eq.
3, we can write the Helmholtz free energy per lattice site
for a given phase:
Fν(V, T, µν) = fν(V, T, µν) +Aν µν (1− µν) , (5)
where the first term corresponds to the magnetic contri-
bution and the second term expresses the magneto-elastic
coupling. To simplify the discussion of the basic mecha-
nism, the elastic and materials coefficients are assumed
to be the same in the two phases (AHS = ALS = A). It
is then possible to derive the expression for the total free
energy of a two phases closed system via Eqs. 4-5:
Fν(V, T, µ¯, µHS, µLS, ω) = ω fLS(V, T, µLS)
+ (1− ω) fHS(V, T, µHS) (6)
+ A µ¯ (1− µ¯)
In an open system, the average moment µ¯ is not fixed
anymore and can be tuned by an appropriate external
potential (in our case, the applied pressure). The corre-
sponding Gibbs free energy reads:
Gν(V, T, P, µ¯, µHS, µLS, ω) = Fν(V, T, µ¯, µHS, µLS, ω)
− κP µ¯ (7)
where P is the applied pressure and κ a magneto-elastic
coupling constant (in units of volume per moment) such
as the average unit cell volume V = κ µ¯. By virtue of
Eq. 4, Eq. 7 can be rewritten in the form of a second
order polynomial function:
Gν(V, T, p, µHS, µLS, ω) = φ0 (µHS)
+ φ1 (µHS, µLS) ω (8)
− φ2 (µHS, µLS) ω
2 ,
with
φ0 = fHS (µHS) +AµHS (1− µHS)− κP µHS
φ1 = (µLS − µHS)
[
fLS(µLS)−fHS(µHS)
µLS−µHS
+A (1− 2µHS)− κP
]
φ2 = A (µLS − µHS)
2
(9)
Depending on the relative values of the φi (i = {0, 1, 2})
terms, the Gibbs free energy may monotonically increase
or decrease as a function of the phase fraction ω, yielding
a minimum at ω = 0 (macroscopic HS-state) or at ω = 1
(macroscopic LS-state). An interesting third possibility
arises when a maximum of G occurs at an intermedi-
ate value ω∗ = φ1/(2φ2) (see Fig. 1 of Ref. 39). In
this case, the elastic strains create a macroscopic barrier
against nucleation of a stable minority phase. For the
spin transition to be triggered, the Gibbs free energy at
ω = 0 must cease to be a local minimum and hence, the
linear term φ1 in Eq. 9 must be cancelled since φ2 is
always > 0:
fLS(µLS)− fHS(µHS)
µLS − µHS
+A (1− 2µHS)− κP = 0 (10)
The pressure at which the HS phase is stabilized can be
calculated by differentiating Eq. 7 with respect to µ:
κP (µHS) =
∂FHS
∂µ
∣∣∣∣
µ=µHS
=
∂fHS
∂µ
∣∣∣∣
µ=µHS
+A (1− 2µHS)
(11)
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Inserting Eq. 11 into Eq. 10, one eventually gets:
fLS(µLS)− fHS(µHS)
µLS − µHS
−
∂fHS(µHS)
∂µHS
= 0 (12)
In this sense, the stability limit for the HS phase will be
reached when the energy curves for the HS and LS states
will have a common tangent for the first time, i.e. when
the energy barrier for the stabilization of the LS phase is
overcome under pressure. This reasoning may be applied
to the backward LS-HS transformation. Since for the LS
state:
κP (µLS) =
∂FLS
∂µ
∣∣∣∣
µ=µLS
=
∂fLS
∂µ
∣∣∣∣
µ=µLS
+A (1 − 2µLS)
(13)
we anticipate the observation of a finite square-like hys-
teresis of width κ |P (µHS)− P (µLS)| in the (P, V ) equa-
tion of state of the material since V depends on the av-
erage spin state.
Transposing these considerations to MnGe, it means
that transformation between the HS and LS state will
be marked by a large hysteresis of the unit cell volume
through macroscopic magneto-elastic coupling, as ob-
served in the first run of our XRD measurement (see main
text). However, internal stresses like defects (originating
from the high pressure synthesis of MnGe powder), but
also crystallite sizes and their shapes, will massively influ-
ence the transformation processes and may favor the sta-
ble inclusion of minority LS sites in the ambient majority
HS matrix. Thus, the HS-LS transition will not display
a marked ”jump-like” behavior at the critical pressure
and will be replaced by a smooth crossover. An analo-
gous case of macroscopic hysteresis phenomena and their
dependence on microstructure are classical ferromagnets
with dipolar stray-fields, as realized in the huge variabil-
ity of the hysteresis in permanent magnetic materials,
where intrinsic magnetic properties are not changed, but
magnetization processes may yield differences in the coer-
cive fields by orders of magnitude. In the present discus-
sion, for the sake of simplicity, we have neglected the role
of magnetic correlations which are still sizable at room
temperature, as seen e.g. by neutron diffraction[27] and
small-angle scattering[47]. Also, unavoidable deviation
from perfect hydrostaticity in the pressure medium was
neglected. Anyway, the model presented above explains
the essential features of the V (P ) equation of state de-
termined experimentally.
